We describe experiments on binary mixtures of superparamagnetic colloidal particles confined by gravity to a flat horizontal water-air interface. The colloids repel each other because of their magnetic dipole moments induced by a vertical external magnetic field B. By tuning B, the effective temperature of the system can be adjusted over several orders of magnitude. Particle coordinates are monitored by video-microscopy over more than five decades in time. Measured radial pairdistribution functions g(r) and mean-square displacements illustrate that this system is an ideal model of a two-dimensional (2D) glass former. We find that the effects of small amounts of aggregated particles only weakly affect the averaged structure and dynamics. Locally, a small number of elementary structural elements are observed each characterized by a special triangular shape. These triangles arrange in dense mostly space-filling arrays and account for the essential features of g(r). The long-time α-relaxation is related to drifts of arrays as well as erosion due to single particle and collective hopping events.
Glasses are solids without structural long-range order and with dynamics frozen-in at least at time scales of typical experiments [1] . One of the most striking and yet unexplained phenomenon in glass physics is the widely universal slowing down of structural relaxations when approaching the glass transition from the liquid side. Physical quantities as different as viscosity, frequency dependent dielectric constants or density correlations obtained from inelastic neutron scattering behave very similar in many different atomic, molecular or macromolecular systems [2] . Recent experiments on colloidal glasses [3, 4] as well as computer simulations [5, 6, 7] suggest that essential properties of glass formers can be understood by studying simple model systems. Both techniques provide time dependent particle coordinates opening a new way to investigate the microscopic structural properties of glasses and their influence on local dynamic relaxations near the glass transition. While simulations have dealt with three dimensional and two dimensional systems, we are not aware of any experiment on true two-dimensional colloidal glasses.
In this paper, we describe an experimental model system which shows all features of a glass former in 2D [8] . Binary mixtures of superparamagnetic colloidal particles are confined by gravity to a horizontal water-air interface in a flat hanging drop geometry. The interparticle magnetic dipole interaction is controlled by a magnetic field applied vertically in order to adjust the effective system temperature. The interaction strength is precisely calibrated. Time-dependent particle positions are determined by video-microscopy and partial radial pair-distribution functions g i j (r) and mean-square displacements ∆r 2 (t) = ( r i (0) − r i (t)) 2 were calculated. The shapes of these functions do not significantly depend on small amounts of aggregates and compare surprisingly well with those of 3D glass formers [9, 10] . Locally, a small number of elementary structural elements of hexagonal, squared body-centered, and 10-fold symmetry are observed. They arrange in dense mostly spacefilling arrays and account for the essential features of g i j (r) [11, 12] .
A. Experimental set-up: The commercial [13] monodisperse colloidal PMMA particles used are porous and doped with magnetite nanocrystals making them superparamagnetic. The big (b) (Dynabeads M-450, uncoated) and small (s) (dried Dynabeads M-280 uncoated) particles have diameters d b = 4.7µm and d s = 2.8µm, and densities ρ b ≈ 1.5 · 10 3 kg/m 3 and ρ s ≈ 1.3 · 10 3 kg/m 3 , respectively. Their magnetic susceptibilities were determined by comparison g(r) measured in the liquid state with Browniandynamics simulations [14] . We thus obtained low field magnetic susceptibilities χ b = 6.2 · 10 −11 Am 2 /T and χ s = 6.6 · 10 −12 Am 2 /T . χ b was found constant within the range of B-values used (0 to ≈ 4mT ), while χ s lowers due to magnetic saturation above 3mT reaching about 80% of the low-B-value at 4mT . These values agree with measurements of magnetophoretic mobilities of individual particles and direct SQUID-magnetometry [15] . In order to prevent aggregation, the big Dynabeads were stabilized by sodium dodecyl sulfonate (SDS) while the small Dynabeads were found to be stable in pure water.
The colloidal suspension was filled into the cylindrical holes of a glass cell as sketched in Fig. 1 . The larger hole was 8mm in diameter and 1mm in height. The cell was mounted upside down in the sample holder which was temperature stabilized by a large copper block. The liquid drop was suspended by interfacial tension, that is by pinning the water-air interface at the edge of the cylindrical cell due to hydrophobic treatment of the outer cell surface. The colloids sediment on the interface and form a monolayer with average density dependent on the amount of colloids present in the initial bulk suspension. The curvature of the drop was adjusted by tuning the water volume through a computer controlled nano-syringe. In order to minimize convection due to filling, the volume of the large cell was adjusted by adding/removing water in the small satellite cell connected to the main cell by a thin capillary. The interface was kept flat by observation of the sharpness of particle images everywhere in the focal plane of a 40x microscope lens. Thus a flatness of < 1µm at a cell diameter of 8mm was obtained. Additionally, the horizontal orientation of the liquid-air interface was controlled through adjustment of the optical table to ±10 −4 rad.
The system can be considered almost ideally twodimensional: First, the thermal gravitational length of the big and small colloids is about 8nm and 62nm, respectively, much smaller than both particle diameters. Secondly, the gravitational force of the colloids is essentially unable to bulge the surface against surface tension. Finally, vertical particle displacements due to thermal capillary waves are less than ∼ 1nm and, thus, can be neglected [16] . In order to reduce collective particle drifts induced by convective flow of water, thermal gradients and disturbances of the water-air interface were suppressed by surrounding the entire experimental setup by a polystyrene box and air conditioning of the laboratory. Well equilibrated samples could be conserved for several weeks.
A homogeneous magnetic field, B, was applied perpendicular to the water-air interface by coils inducing vertical magnetic moments M = χ · B in the colloidal particles. The magnetic field generated by the induced magnetic moments themselves is only of the order of 1% of B (at maximum concentration) and therefore can be neglected. Hence, two induced magnetic moments interact by a repulsive dipole potential proportional to χ 2 B 2 /r 3 , where r is the center-to-center distance between two colloids. Other contributions to the interaction potential can be neglected [14] .
The interaction strength is characterized by an interaction parameter, Γ, defined by the ratio of the magnetic interaction potential E magn (B) to the thermal energy k B T . Γ corresponds to an inverse system temperature, T sys tun- able by B. With the particle area density, ρ, corresponding to the averaged particle distancer = ρ −1/2 , and the number ratio ξ of the small to all particles the Γ-value of the binary 2D colloidal mixture can be defined as:
ρ and T remain constant during an experiment, thus T sys decreases for increasing Γ.
Typically 1, 000 particles out of approximately 100, 000 in the cell were observed by video-microscopy, at locations far away from the cell edge, in order to avoid effects of the cell boundaries. Time-dependent positions of particles were determined in real-time by digitization on a frame grabber card and image processing on a PC. Every ≈ 0.3s a complete set of uniquely labelled particle coordinates were determined depending on the number of observed particles and saved for evaluation later on: Each video frame was converted into a binary image using a brightness cut-off value such that colloids appeared as black discs on white background. The center of mass of a disc's area gives the particle position which was calculated with an accuracy better than 1µm. The disc's area indicated whether a given particle was a small or a big one.
For purposes of more efficient data storage, and in order to display the mean-square displacements equidistant on a logarithmic time-scale over many decades, a multiple-τ-algorithm was used. In this algorithm the sampling time ∆t is doubled after every 1, 000 sampling intervals. The initial maximum sampling rate is used for data processing in order to enable a reliable identification of particles between consecutive time steps.
Some uncertainties in the trajectories originate either from drift effects caused by convective flow of water or from aggregates of a few colloids (mostly two small or one small and one big particle) having different magnetic susceptibilities and different diffusion coefficients than isolated particles. Although the drift was typically smaller than 1µm/h, we minimized this effect by subtracting the average displacement of all particles from the displacement of each particle. The overall stability of the system itself was sufficiently good to obtain reliable data up to more than 10 5 s.
B. Structure: Partial pair-distribution functions g i j (r) for the different pairs i j of big and small colloids were obtained by spatial averaging over typically about 100 independent particle configurations. Sufficient ensemble averaging was obtained by additional time averaging. In With increasing Γ the peaks of g i j (r) become sharper and narrower and more features appear at higher distances, in particular a splitting of the second maximum. These observations are well-known "finger prints" of amorphous structures of glass formers. Fig. 3 shows g bb (r) for two binary suspensions, one containing very few aggregates within the picture explored, while the other contains about 5 times more aggregates. For the sample containing more aggregates additional peaks in g bb (r), in particular at distances shorter than the average distance between big particles are seen. Visual inspection of the pictures reveal that these shorter distances mostly originate from aggregates of two or three small particles (sticking together at mutual surface contact) which are processed by the particle recognition algorithm as one big particle. This observation indicates that g(r) is rather sensitive to aggregates of this type. Note that, in contrast, the relaxation dynamics discussed below turns out rather insensitive to these aggregates.
The observed features in g i j (r) are related to highly ordered local arrangements of particles [12] which can be directly seen by inspection of local configurations. A few typical examples are given in the series of pictures Fig. 4 to Fig. 8 which were taken on different spots of the same sample for Γ = 411. Such structures are disturbed by thermal particle fluctuations. Because of the purely repulsive dipole interaction it seems natural to expect local hexagonal packings in cases were only one species of particles happens to be around, Fig. 4   FIGURE 6 . Quadratic arrangements of equal numbers of big and small particles (solid lines) and neighboring hexagonal triangles of only big colloids (dashed lines).
FIGURE 7.
Arrangements of big particles surrounded by many small particles (solid lines). A configuration frequently observed consists of 10 small particles forming a ring-like structure around a big particle. Additionally, rectangular triangles of one small and two big colloids (dashed lines) and hexagonal triangles of only small particles (dotted lines) are depicted.
and Fig. 5 . At locations of equal numbers of small and big particles a square body-centered lattice decorated like a checkerboard pattern is observed. Packings at high local densities of small particles are shown in Fig. 7 and Fig. 8 . Because of the much smaller repulsion between two small particles as compared to the cases small/big and big/big, small particles get to substantially shorter mutual distances. This seems to stabilize lozenge-type configurations consisting of two big particles at the small angles of the lozenges and two small particles at the big angles, respectively. Often, 10 small particles are observed in a ring-like configuration around one big particle. Then, the small/big internal angle of the lozenge is close to 36/144 degrees, respectively. This type of lozenge is also the smaller one of the two tiles required to obtain a quasi-crystal with Penrose tiling. At some locations the two Penrose tiles seem to appear, see Fig. 8 . Similar observations are reported in [17] .
Different local-ordered elementary particle arrangements coexist in direct neighborhood. These observations suggest that the amorphous structure of our 2D system is built up of different local structures which depend on local concentration and on local composition. The highly ordered local structures essentially account for all peaks observed in the partial radial pair distribution functions [12] . In addition, they give rise to significant features in the 3-point and 4-point correlation functions [11, 12] .
C. Dynamics: The overall dynamics of our system was studied in real space by mean-square displacements of individual particles, e.g. the time-dependent particle deviations from their initial positions: ∆r 2 (t) = ( r i (0) − r i (t)) 2 . The mean-square displacements show a short-time behavior which is independent of Γ. In the time-range up to about 2s, the particles obey a diffusive motion with a diffusion constant somewhat smaller than the free Stokes diffusion due to the hydrodynamic interaction with the liquid-air interface [14] . For longer timescales and increasing Γ, the slope of ∆r 2 (t) diminishes, and a increasingly pronounced plateau appears. As in atomic or molecular glasses this plateau may be attributed to a so-called cage-effect. A particle stays in the cage of its neighbors until structural α-relaxations allow it to escape. The long-time α-relaxations cause an additional increase of the mean-square displacements at long times. An example is shown in Fig. 9 .
It can be seen that short-time diffusion, plateau region and long-time diffusion are essentially insensitive to the FIGURE 9. Mean square displacements of the two samples shown in Fig. 2 . Because the two samples possessed different particle densities, e.g. different particle distances, the ∆r 2 (t) of the sample with Γ = 445 was brought into line with the shorttime behavior of the other sample at t = 2s.
presence of some aggregates. This argues that the details of the local structure do not really matter for the relaxation dynamics and may suggest that other more polydisperse systems may relax in a qualitatively similar way. Fig. 10 shows particle trajectories of a sample at rather high Γ. These data clearly reveal a strongly heterogeneous relaxation behavior: There are regions were particle motions are essentially restricted to diffusive motion around a given position, both for small and big particles. Some of these areas are seen to obey slow convective drifts without much changes of the relative particle positions. Finally some particles have excursions much larger than the average diffusive displacement, sometimes even larger than the average interparticle distance. These particles have clearly left their cages, sometimes as isolated particles, sometimes as groups of two or more particles in a string-like motion. Thus the relaxation dynamics of this system is clearly quite heterogeneous. Slow collective drifts and single or multiple hopping events out of cages coexist. In a forthcoming study [12] a correlation between the locally ordered viz. disordered structures with the collective viz. single hopping dynamics will be discussed.
D. Conclusions: 2D binary colloidal suspensions with knob-tunable magnetic interparticle interactions are ideal systems to study structural and dynamic processes near the glass transition. The local structure remains liquidlike with more pronounced short-range order for decreasing T sys . Correspondingly, the particle dynamics slows down, as seen by an increased cage-effect. Regular elementary structures (such as triangular, square or rhombic particle arrangements) are clearly observed, presumably much easier to detect than equivalent clusters in 3D.
